A rapid and simple, large-scale method for the purification of DNAdependent RNA polymerase III (EC 2.7.7.6) from wheat germ is presented. The method involves enzyme extraction at low ionic strength, polyethyleneimine fractionation, (NH4)2SO4 precipitation, and chromatography on DEAE-Sepharose CL-6B, DEAE-cellulose, and heparin agarose. Milligram quantities of highly purified enzyme can be obtained from kilogram quantities of starting material in 2 to 3 days. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis indicates that RNA polymerase III contains 14 subunits with molecular weights of: 150,000; 130,000; 94,000, 55,000, 38,000; 30,000-, 28,000; 25,000; 24,500, 20,500; 20,000; 19,500;, 17,800, and 17,000. Subunit structure comparison of wheat germ RNA polymerases I, II, and III indicates that all three enzymes may contain common subunits with molecular weights 20,000, 17,800, and 17,000. In addition, RNA polymerases II and III may contain a common subunit with a molecular weight of 25,000, and RNA polymerases I and III may contain a common subunit with a molecular weight of 38,000.
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5S rRNA and tRNAs (25) .
Eukaryotic nuclear RNA polymerases are multisubunit enzymes with aggregate mol wt of 500,000 to 750,000 (31) . The subunit structures of RNA polymerases I, II, and III, as determined in animal systems (31) and yeast (19) , are distinctly different. They superficially resemble each other in that they are all composed of two high molecular weight subunits (mol wt > 100,000), and several small subunits. Most of the subunits are different according to molecular weight. In yeast (19) and mammalian (31) systems there is evidence which indicates that a few low molecular weight subunits are shared in common by all three enzymes. In plant systems, only RNA polymerase II has been well-characterized according to subunit structure (27, 28) . This is largely due to the fact that RNA polymerase II is the most abundant of all three RNA polymerases and is the most amenable to purification. Few studies have been done on the subunit structure of either RNA polymerases I or III from plants, although some preliminary subunit structures have been reported for RNA polymerase I in wheat (23) , soybean (17) , and cauliflower (15) and for RNA polymerase III in wheat (40) . The results generally indicate subunit structures similar to those proposed for the cognate animal (31) and yeast (19) enzymes.
Here, methodology for the large-scale purification of RNA polymerase III from wheat germ is presented. This procedure has the advantage over other RNA polymerase purification scheme in that large quantities of starting material can be handled to yield mg quantities of highly purified enzyme. The subunit structure was analyzed by SDS-PAGE,2 and the results are compared with those reported by others (40) . Significant discrepancies in the proposed subunit structure for wheat RNA polymerase III are discussed. In addition, evidence is presented for common subunits in all three RNA polymerases from wheat.
MATERIALS AND METHODS

MATERIALS
Wheat germ was obtained from General Mills, Inc., Vallejo, CA. Heparin was obtained from Gibco. Sepharose 4B and DEAESepharose CL-6B were obtained from Pharmacia. DEAE-cellulose (DE52) was obtained from Whatman. Cyanogen bromide and PEI were obtained from Eastman. Sources of chemicals for buffers and for SDS-PAGE were as described previously (26, 28) . The following proteins used as molecular weight markers were obtained from the indicated sources: BSA (Sigma); myoglobin, f8-lactoglobulin, and a-chymotrypsinogen (Calbiochem); and creatine phosphokinase (Boehringer-Mannheim). Wheat germ RNA polymerase I was purified as described by Jendrisak (23, 24) .
RNA POLYMERASE III FROM WHEAT GERM drisak and Burgess (26) . Escherichia coli RNA polymerase was purified according to Burgess and Jendrisak (6 Laemmli (29) : Gels were stained as described previously (6) . Salt concentrations were determined by conductivity measurements (26) . PEI, 10%1o (v/v), was prepared for use as described previously (26) . PURIFICATION Table I . RNA polymerase activity is extracted from wheat germ in a buffer of low ionic strength. RNA polymerase III is purified along with RNA polymerases I and II (24) through the PEI fractionation step, which removes all of the nucleic acids and a large bulk of the protein (26) . Subsequent (NH4)2SO4 precipitation results in additional protein purification, removes residual PEI, and affords a significant concentration of RNA polymerases (26) . RNA polymerases then are subjected to chromatography on DEAE-Sepharose CL-6B. Figure 1 shows a (24) . A large quantity of RNA polymerase activity is eluted with 0.50 M (NH4)2SO4 which is greater than 95% inhibited by 1.0 ,ug/ml a-amanitin and is classified as largely RNA polymerase II (28) . When the sample is applied to DEAE-Sepharose CL-6B at 0.25 M (NH4)2SO4, the a-amanitin-resistant activity is found in the flow-through fractions and only the a-amanitin sensitive activity is found to bind to the column. The latter protocol is usually used for the purification of RNA polymerase III. Precise quantitation of RNA polymerase III activity at these early stages in the purification procedure was difficult due to the fact the concentration (activity) of RNA polymerase III is very low. The presence of relatively high concentrations (activity) of RNA polymerase II also complicated quantitation of RNA polymerase III. It was difficult to distinguish between RNA polymerase III and residual RNA polymerase II activity when assays were performed in the presence of various concentrations of a-amanitin. Consequently, no entries were made in Table I for RNA polymerase III activity at early stages of purification. The fimal yield of enzyme obtained in the end for a number of preparations was quite reproducible.
I found that the protein eluted from the DEAE-Sepharose CL-6B column with 0.50 M (NH4)2SO4 contained significant quantities of RNA polymerase III after subsequent DEAE-cellulose chromatography (Fig. 2) . Protein was applied in the presence of 0.125 M (NH4)2SO4 to this column, followed by a wash with a buffer of the same ionic composition. The column then was step eluted with buffer containing 0.25 M (NH4)2SO4. Figure 2A shows the elution pattern of protein (Amo) from this column. Figure 2B shows the polypeptide pattern of protein in column fractions as analyzed by SDS PAGE. Samples of purified wheat germ RNA polymerases II and III were run on this same gel to aid in the detection of RNA polymerase II and III subunits across the elution profile. The 150,000, 130,000, 94,000, 55,000, and 38,000 mol wt putative RNA polymerase III subunits (see below) can be clearly seen in the flow-through fractions, and the 220,000 and 140,000 mol wt subunits of wheat germ RNA polymerase 11 (27) can be seen in the 0.25 M (NH4)2SO4 step eluted protein peak. Cross-contamination of RNA polymerases II and III after DEAE-cellulose chromatography appears to be negligible from an inspection of this chromatographic profile. The activity in the flow-through fractions was 50%'o inhibited by 2.5 ,ug/ml a-amanitin and the activity of the 0.25 M (NH4)2SO4 peak fractions was 50% inhibited by 0.05 ,tg/ml a-amanitin (data not shown).
Final purification of RNA polymerase III was achieved by heparin-agarose chromatography (Fig. 3) . It can be seen that a major peak of RNA polymerase activity elutes at approximately 0.50 M (NH4)2SO4 from this column, which coincides with a peak of protein (A2so) (Fig. 3A) . Aliquots of column fractions were subjected to SDS-PAGE and several polypeptides can be seen to be associated with RNA polymerase III activity across the column profile (Fig. 3B) . Apparent contaminants removed at this step can be seen in the flow-through fractions and also eluting just ahead of the RNA polymerase III peak. The RNA polymerase activity in these fractions appears to be minor traces of RNA polymerase II since the activity is inhibited completely by very low concentrations of a-amanitin (data not shown). Subunit Structural Analysis of RNA Polymerase III. To determine the polypeptide subunit composition of wheat germ RNA polymerase III, the heparin-agarose-purified enzyme was subjected to SDS-PAGE in gels containing 5, 7.5 and 15% polyacrylamide (Fig. 4) . In 5 and 7.5% gels (Fig. 4, A and B) , three high molecular weight polypeptides (mol wt, 150,000, 130,000, and 94,000) can be seen. These molecular weights were estimated from a comparison of polypeptide electrophoretic mobilities with those of E. coli RNA polymerase subunits (30) . The putative RNA polymerase III high-molecular weight subunits are distinctively different in size from the two high molecular weight subunits in wheat RNA polymerase II (mol wt, 220,000 and 140,000) and the two high molecular weight subunits in wheat RNA polymerase I (mol wt, 200,000 and 125,000).
Low molecular weight polypeptides associated with RNA polymerase III were examined on 15% gels (Fig. 4, C and D) . RNA polymerase III was examined along with wheat RNA polymerases I and II as well as with various proteins which served as molecular weight markers. Fourteen polypeptides can be seen in RNA polymerase III under these conditions of electrophoresis. In addition to the subunits with mol wts of 150,000, 130,000, and 94,000, polypeptides with mol wts of 55,000, 38,000, 30,000, 28,000, 25,000, 24,500, 20,500, 20,000, 19,500, 17,800, and 17,000 are associated with RNA polymerase III after heparin agarose chromatography. These are indicated in the densitometric scan of stained 5 and 15% gels (Fig. 5) . The molecular weight calibration curves resulting from electrophoresis of molecular weight markers on 5 and 15% polyacrylamide slab gels are shown in Figure 6 where the migrating positions of RNA polymerase III associated polypeptides are indicated with arrows. The tentative subunit structure of RNA polymerase III is summarized in Table II along with subunit structures proposed for wheat RNA polymerases I (23) and II (27) .
Common Subunits in Wheat RNA Polymerases I, II, and III. SDS-PAGE of wheat RNA polymerases I, II, and III on 15% polyacrylamide gels (Fig. 4D) separated on a 5% gel and the low molecular weight polypeptides were separated on a 15% gel. Slab gels were scanned at 550 nm using a Beckman 5230 recording spectrophotometer equipped with a gel scanning attachment. One-half ,ug protein was applied to the 5% gel and 2.0 ,ug were applied to the 15% gel. Numbers above the A peaks indicate polypeptide molecular weights x 10-3. II, and III from eukaryotic organisms (1, 9, 24, 35, 36) , as it appears that a portion of, or in many cases the bulk of, the RNA polymerase activity is not tightly associated with nuclei or chromatin.
After enzyme extraction, many RNA polymerase purification procedures often include a high-speed centrifugation step to remove ribosomes and chromatin, etc., and sometimes overnight dialysis against large quantities of buffer. No dialysis, ultracentrifugation, or other time-consuming and scale-limiting steps are used in this procedure. Several recent improvements in the meth- Burgess (27) . c Data from the study presented here.
d Data from Teissere et al. (40) .
'Numbers in boxes indicate polypeptides which appear to be shared between any two or all three RNA polymerases.
odology for the purification of RNA polymerases were included in this procedure. These include PEI fractionation (6, 26, 43) , DEAE-Sepharose CL-6B chromatography (34) , and heparin-agarose chromatography (37) . The advantages of these steps have been discussed by others previously but can be briefly summarized. RNA (16, 28) . PEI fractionation appears to be generally applicable for purification of RNA polymerases T, TT, and III from all eukaryotic organisms.
DEAE-Sepharose CL-6B was found to bind wheat RNA polymerases more tightly and to have a much higher capacity for RNA polymerases than did other commercially available DEAE-substituted matrices. This allowed the use of much smaller columns which resulted in shorter chromatographic times and much higher RNA polymerase concentrations after elution. These results agree with those of Smith and Braun (34) who mentioned these advantages of DEAE-Sepharose CL-6B for the purification of P. poly-cephalum RNA polymerase II. The tighter binding and higher capacity is most likely due to the high-molecular weight sieving range of Sepharose CL-6B which the high-molecular weight RNA polymerases can penetrate.
Final purification of RNA polymerase III was achieved by heparin-agarose chromatography. RNA polymerases bind to heparin agarose very strongly even at fairly high ionic strength, whereas most other cellular proteins are not retained. Heparin agarose has recently been used for the purification of RNA polymerase I and III from A. castellanhi (35, 36) , RNA polymerase II from P. polycephalum (34) , RNA polymerase III from wheat (40) . E. coli RNA polymerase (37), RNA polymerase III from cultured animal cells (22) , RNA polymerase II from Drosophila melanogaster (14) , and bacteriophage N4 RNA polymerase (13) .
Heparin agarose also seems to be generally applicable for the purification of RNA polymerases, and other enzymes involved in nucleic acid metabolism (2) from bacterial and eukaryotic cells.
Teissere et al. (40) have reported that polypeptides with the following mol wt are associated with wheat RNA polymerase III: 155,000, 132,000, 91,000, (70,000, 66,000), 53,000, 37,000, 33,000, 31,000, 28,000, 26,000, and 16,000. They suggest that the 70,000 and 66,000 mol wt polypeptides may not be subunits, but contaminants, because the stoichiometry of these polypeptides is variable during purification. Results obtained here would also suggest that these polypeptides are contaminants because they are not found in RNA polymerase III purified as detailed here. For the most part, there is excellent agreement concerning the size and number of polypeptides found to be associated with RNA polymerase III in these two studies (Table II) . Only minor differences in molecular weights have been assigned to various polypeptides. One major difference, however, concerns the fact that only one polypeptide was observed at a mol wt of 16,000 by Tessiere et al. (40) , whereas five polypeptides in this molecular weight range were observed here (20,500, 20,000, 19,500, 17,8000, and 17,000). Failure to detect these polypeptides may have been due to insufficient quantities of RNA polymerase III applied to SDS-polyacrylamide gels.
Fourteen polypeptides are associated with purified RNA polymerase III from wheat germ as indicated here. This agrees well with the complexity of the subunit structures proposed for A. castellanii [15-17 subunits (35) ], yeast [11-13 subunits (1, 19) ], and animal [10 subunits (22, 31) ] class III RNA polymerases. The size range of these polypeptides in all species examined, including higher plants, appears to be fairly conserved.
Earlier studies on the subunit structure of wheat-germ RNA polymerase III (40) have been extended to include a direct comparison of the putative subunit structures of wheat RNA polymerases I, II, and III on SDS-polyacrylamide gels. Results indicate that three low molecular weight polypeptides (mol wt, 20,000, 17,800, and 17,000) may be shared in common by all three wheat enzymes. On additional polypeptide may be shared in common only by RNA polymerases II and III (mol wt, 25,000, and one polypeptide may be shared in common by RNA polymerases I and III (mol wt, 38,000). A comparison of these results with those reported for the well-characterized A. castellanii enzymes (8) indicates some striking similarities. Three low molecular weight subunits (mol wt, 22,000, 15,000, and 13,300) were found to be shared by all three A. castellanii enzymes. There may be homologous to the three low molecular weight polypeptides found in the wheat enzymes. However, three other subunits were found to be shared by A. castellanii RNA polymerases I and III (mol wt, 39,000,27,000, and 17,500) as opposed to one subunit in the wheat enzymes (mol wt, 38,000). No subunits were found to be shared in common by A. castellanii RNA polymerases II and III, but it is suggested here that one polypeptide may be shared in common by wheat polymerases II and III (mol wt, 25,000).
Examination of densitometric scans derived from stained SDS polyacrylamide gels (Fig. 5) suggests that several of the putative RNA polymerase III polypeptide subunits are present in nonintegral amounts. This observation has been made concerning the subunit structures of RNA polymerases from a variety of eukaryotic species (7) (8) (9) 31) . This may be due to differential dye (Coomassie blue) binding or it may reflect variations in the number of polypeptides which remain bound to the RNA polymerase during purification. No variation in the stoichiometrics of any of the polypeptides tentatively defined as RNA polymerase III subunits was observed in many different enzyme preparations.
Clearly, more definitive studies are required, and are in progress, concerning the demonstration of common subunits in plant RNA polymerases I, II, and III. These include two-dimensional (e.g. isoelectric focusing-SDS) polyacrylamide gel analysis and polypeptide mapping studies. The roles of these putative common subunits in eukaryotic RNA polymerases are presently unclear. It has been suggested that they may be required for a common function intrinsic to all three enzymes (8) . The ability to obtain large quantities of highly purified RNA polymerase III and other nuclear RNA polymerases from wheat germ (24) should facilitate further studies on the nuclear RNA polymerases and the significance of common subunits.
